Polycrystalline lead lanthanum titanate thin film having perovskite structure was fabricated by metalorganic deposition ͑MOD͒ on a ZrO 2 /SiO 2 /Si substrate at 600°C for 1 h in O 2 atmosphere. Columnar structured ZrO 2 buffer layer was also prepared by a MOD process under the same condition. Electrical measurements were conducted on interdigitated electrodes. The crystalline structure and growth behavior of the films have been studied by x-ray diffraction and scanning electron microscopy. It is observed that dielectric response of the film is effected by the cable length used in the measurement and by the values of the ac voltage. Long cable gives rise to an additional resonance peak at high frequency caused by the stray inductance of the contacts and cables. The capacitance and loss tangent over low frequency range shows significant variations due to the trapped charges and space charges in the film. These variations are very dependent on the values of the ac voltage and the length of cable. Meanwhile, the trapped charges and space charges lead to abnormal P-E loops, in which the measured remanent polarization and coercive field increase with increasing frequency.
I. INTRODUCTION
Recently, ferroelectric thin films such as perovskitestructured compounds lead zirconate titanate͑PZT͒ and lead lanthanum titanate ͑PLT͒ are considered to be promising not only for nonvolatile random access memories using their polarization reversal characteristics, but also for micromachined unimorph transducers in various microelectromechanical systems devices using their piezoelectric property. [1] [2] [3] [4] Because the d 33 and k 33 values of most ceramics are almost two times that of the d 31 and k 31 values, respectively, unimorph bending actuators with a transversely polarized PZT layer have been prepared, which can be driven electromechanically through the piezoelectric d 33 mode rather than the conventional d 31 mode. 5 In this report, the lead titanate film doped with 10% La and with 10% Pb excess ͑PLT10͒ was deposited on ZrO 2 -passivated silicon substrates, then interdigitated electrode was prepared on the surface. The crystallinity, microstructure, dielectric, and ferroelectric properties of the in-plane polarized film were investigated in detail.
II EXPERIMENTAL PROCEDURE
The ZrO 2 buffer layer and PLT10 thin film were prepared using a metalorganic deposition process by multiple spin-on procedures. The synthetic process of the metalalkoxide precursor solution have been described in detail elsewhere. 6, 7 The substrate was a ͑100͒-oriented n-type silicon wafers with a 5.46 m-thick SiO 2 layer. The ZrO 2 layers were deposited on the substrate by spin coating using a photoresist spinner operated at 2500 rpm for 25 s. Each layer was pyrolyzed in O 2 at 600°C for 10 min. After depositing 20 layers of ZrO 2 , the resulting film was annealed in O 2 at 600°C for 1 h. Another 20 layers of PLT10 were then spin coated and annealed in the same way as the ZrO 2 layers, and the final annealing condition was also in O 2 at 600°C for 1 h.
The crystalline phase of the films was characterized by x-ray diffraction ͑XRD͒. The surface and cross section morphologies and thickness were evaluated by scanning electron microscopy ͓͑SEM͒ Leica stereoscan 440͔. Film roughness was determined by a stylus profilometry ͑Tencor P-10͒. The capacitance and dielectric loss curves were measured using a computer controlled impedance analyzer ͑HP4194A͒. The polarization-electric field ͑P-E͒ hysteresis loops were observed using a Sawyer-Tower circuit connected to a digital storage oscilloscope and an arbitrary function generator. Figure 1͑a͒ shows the XRD spectra of ZrO 2 film after being annealed in O 2 at 600°C for 1 h. It is evident that tetragonal and monoclinic phases coexist in the film, but the tetragonal phase is the dominant one in the substrate. Figure   a͒ 1͑b͒ shows that PLT10 film has a well-formed perovskite structure. The relevant intensities of the peaks are similar to those found in PLT10 ceramics, indicating that the crystallites in the film are randomly oriented. Figure 2 shows the SEM micrograph of the ͑a͒ surface and ͑b͒ cross section of the ZrO 2 thin film after being annealed in O 2 at 600°C for 1 h on the SiO 2 /Si substrate. Figure 2 ͑a͒ shows that ZrO 2 film is dense and crack free, and has a relatively smooth surface. The surface average roughness of the film is 1.2 nm as measured by a stylus profilometry. Meanwhile, the grains in the film have a rather uniform size. In Fig. 2͑b͒ , the film was coated twenty times with a 0.2 M solution at 2500 rpm, and has a total thickness of 0.35 m. This film consists of submicron sized columnar grains. Each layer exhibits a uniform and sharp interface.
III RESULTS AND DISCUSSION
The ͑a͒ surface and ͑b͒ cross sectional microstructures of the PLT10 film are shown in Fig. 3 . Figure 3͑a͒ shows that the PLT10 film was dense and crack free. The grains were round in shape and uniform in size ͑ϳ50 nm͒. The surface average roughness of the film is 6.74 nm by a stylus profilometry. In Fig. 3͑b͒ , each layer of the structure was clearly observed and the thickness of PLT10 film is ϳ0.67 m. The amorphous SiO 2 , columnar structured ZrO 2 , and spherical PLT grains can be clearly seen.
In order to measure the electrical properties of the film under a transverse electric field, Cr/Au interdigitated electrodes ͑IDT͒ were sputtered on the surface of the PLT10 film. A conventional photoresist lift-off process was used to define the electrodes. The IDT had 22 pairs of electrodes with a finger width of 30 m and a gap of 20 m. The overlapping length was 620 m as shown in Fig. 4 .
The sample was connected to the impedance analyzer using two cables. The cables resistance is about 0.05 ⍀/cm. Figures 5 and 6 show the frequency dependence of capacitance and loss tangent of the PLT10 film with an applied voltage of 1V ac and different length of cables. The frequency and length of cable were in the range of 100 Hz-40 MHz and 5-100 cm, respectively. It can be seen that the capacitance and loss tangent were very dependent on the length of cable. Resonance peaks can be clearly seen in Fig.  5 . In the range of 100 H-1 kHz, the capacitance versus frequency shows significant variations which changes with the length of cable. With increase in the length of cable, the variations become more significant as shown in Fig. 5͑b͒ . In the range of 1 kHz to 1 MHz, ͓Fig. 5͑c͔͒, the capacitance measured using different length of cable did not change with frequency. With the increase in the length of cable, the capacitance are 36.6, 37.0, 37.1, 37.4, and 39.4 pF at 10 kHz, respectively as shown in Fig. 5͑c͒ . With the increase in frequency from 1 to 40 MHz, resonance peaks were observed around 10 MHz. The positions of these peaks changed with the cable length l. The resonance peak appeared at 18 MHz when lϭ100 cm. When lϭ50 cm, the resonance peak was found at 24 MHz. For shorter cable length, the resonance peaks were found at f Ͼ 40 MHz. From Fig. 5͑a͒ and 5͑d͒ , it can be clearly seen that the resonance peaks relate closely to the length of cable. With decrease in the cable length, the resonance peak moved to higher frequency. From Fig. 6 , the loss tangent versus frequency curves have good corresponding relations with the capacitance curves. In the range of 100 Hz-4 kHz, the loss tangent shows significant scattering. With increase in frequency and decrease in the cable length, the scattering gradually decrease as shown in Fig. 6͑b͒ . In the range of 10 kHz-1 MHz, the loss tangent curves have no significant variation. With the increase in cable length, the loss tangent are 0.0058, 0.0034, 0.0017, 0.0025, and 0.0058 at 10 kHz, respectively as shown in Fig. 6͑c͒ . When f changes from 1 MHz to 40 MHz, resonance peaks occur at round 10 MHz. As l decreases, the resonance peaks move to higher frequency.
These results can be explained using an equivalent circuit as shown in Fig. 7 . The sample can be represented by R p and C in parallel and the cable and contacts can be represented by L and R s in series. The total complex impedance can be written as:
The total capacitance being written as: 
͑2͒
The total loss tangent being written as: 
͑3͒
From these formulae, the stray inductance L of the contacts and cable may induce an L-C resonance at a resonant frequency f r given by:
With the decrease in the length of cable, the stray inductance L is decreased and the resonant frequency f r increases. The high-frequency resonance peaks in Figs. 5 and 6 due to different length of cable may be explained by this L-C resonance.
From Eqs. ͑2͒ and ͑3͒, which suggest that C s and tg␦ are dependent on L and R p , therefore, the capacitance curves decreases slightly with frequency as shown in Fig. 5͑c͒ . With decrease in the length of cable, the measured C s is close to the sample capacitance.
The capacitance and loss tangent in between 100 Hz-1 kHz show significant scattering presumably due to the movement of space charges in the system. [8] [9] [10] [11] There are three types of space charges in the PLT10 thin film. These include ͑1͒ the PLT10 dipoles , ͑2͒ ions of impurities, defects, vacancies, and ͑3͒ injected charges. In polycrystalline PLT10 film, the replacement of Pb ϩ2 by La ϩ3 leads to an excess positive charge and B-site vacancies were created 12 to maintain the electrical neutrality. These vacancies and other impurities exist in the grain, at intergrain boundaries or at interfaces and form various kinds of defects which trap charges in the PLT film. Therefore, the amount of charge traps and defect levels in the film are closely related to the grain size, the intergrain boundaries and the interface between the film and the electrode. 6, 13 As the applied ac signal is well below the coercive field, hence, domain switching will not occur and the movement of the space charges will be the main cause of the scattering in the capacitance measurement at low frequencies. With a further increase in frequency, the trapped charges and space charges contribution became negligible as they can not respond fast enough. Therefore, the scattering disappeared with the increase in frequency.
As the voltage drop across a longer cable is higher, the effective voltage applied to the film becomes smaller and the scattering becomes more significant with the increase in cable length. It is thus seen that the scattering is also closely related to the voltage applied across the film. Figures 8 and 9 show the capacitance and loss tangent for 5 cm length of cable under different ac voltage. The frequency and ac signal were in the range of 100 Hz-40 MHz and 0.1-1 V, respectively. The capacitance and loss tangent show significant scattering in the range of 100 Hz-1 kHz. With decrease in the ac voltage, the scattering level became more significant as shown in Figs. 8͑b͒ and 9͑b͒ . With increase in frequency, the scattering gradually disappeared. Cho found that capacitance increases with increase in ac oscillation voltage in the low frequency region. 8 This is due to domain switching as signal approaches the coercive field of the thin film. Our results are different from Cho's results as the electric field used in the present study is much lower than the coercive field. The curves over the low frequency range show significant variations due to the movement of space charges ͑ions of impurities, vacancies, etc.͒, in the film. 11 As the charges have to overcome the work function of the electrode in order to be injected into the film, hence, at low applied voltage, the amount of injected charges may be small. With the increase in the ac voltage, the increased amount of injected charges ͑which have the same sign as the charges on the electrode͒ and the ions or vacancies drifted towards the electrode under the electric field ͑with opposite sign to the injected charges͒ may effectively neutralized and the variation clearly became smaller.
In the IDT configuration, it is assumed that the area in which charge switching takes place is the product of the length of the electrode fingers and the film thickness and that the field is uniform across the electrode gap. Figure 10 shows a plot of the P-E hysteresis loops measured as a function of applied voltage for the PLT10 film under transverse electric fields. The polarization and coercive electric field increase with increasing applied voltage, and the shape of the hysteresis loop was rather symmetric.
The frequency dependence of the P-E hysteresis loop measured at 150 V is shown in Fig. 11 . The remanent polariztion and the coercive field increase with increasing frequency and the shape of the hysteresis loop was symmetric. At 500 Hz, it is observed that the shape of the hysteresis loop is different from that of the loops measured at low frequencies. The remanent polarization and the coercive field usually were found to decrease with increasing frequency in a MFM capacitor configuration. which is due primarily to the basic limitation on the speed at which the domains can switch. 8, 10 We obtained opposite results. As the IDT has large finger width and gap ͑about 30 and 20 m͒, with long finger length ͑620 m and 22 pairs͒ and the applied electric field strength is not high enough to switch the dipoles, what is observed may be the injected space charges which cannot be discharged effectively as the frequency increases. These space charges take part in the switching and contribute to the increase in remanent polarization as shown in Figure 11 . 
IV. CONCLUSION
Polycrystalline PLT10 thin film exhibiting good perovskite structure. Columnar structured ZrO 2 can work effectively as a buffer layer. The surface morphology of ZrO 2 and PLT10 films were smooth with no cracks and defects while the grain size was uniform. The dielectric response of the film are very dependent on the length of cables and the magnitude of the ac voltage. The resonance peaks in the MHz region due to different length of cable were explained using a simple equivalent circuit model. The high frequency resonance peak was caused by the stray inductance of the contacts and the cables. The significant variations at low frequency were related to the space charges in the film. The scattering can be effectively decreased by decreasing the cable length and by increasing the ac voltage. The small signal capacitance and loss tangent at 10 kHz were about 36.6 pF and 0.0058, respectively. Meanwhile, the trapped charges and space charges lead to abnormal P-E loops in which the measured remanent polarization and coercive field increase with increasing frequency. The remanent polarization and coercive field at 300 Hz and 150V were 35 C/cm 2 and 15 kV/cm, respectively. 
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